Late stage larvae (cyprids) of the barnacle Semibalanus balanoides frequently encounter freezing conditions along the northwest Atlantic coast. Semibalanus balanoides cyprids survived for more than four weeks embedded in sea ice, and a significant fraction of larvae held in ice up to two weeks successfully settled and metamorphosed after thawing. Larvae that completed metamorphosis continued to develop and reproduce. In settlement experiments with cyprids of known age and where settled cyprids were removed every other day from the experimental containers, cyprids held in ice for two weeks settled and metamorphosed more than non-frozen larvae. Mean time to metamorphosis was longer for frozen cyprids than for non-frozen ones, and maximum time to metamorphosis was 38 d for cyprids held in sea ice for two weeks and 26 d for cyprids in non-frozen treatments. Larval tolerance to freezing conditions greatly expands the environmental tolerance repertoire of marine invertebrates and may help explain the ecological success of this widespread intertidal species.
Settlement and metamorphosis. The ability of cyprids to survive being embedded in ice for extended periods of time was unexpected. Still, surviving larvae must be able to settle and metamorphose if they are going to reproduce. This ability was tested in 3 experiments by keeping individuals in frozen sea-water for periods ranging from 0.5 to 14 d and then monitoring the settlement and metamorphosis of the thawed samples of larvae. Larvae were collected as above and the sample was split with a Folsom plankton splitter (McEwen et al. 1954 ) as many times as needed to have at least three replicates per treatment. Each split fraction was randomly assigned to a treatment.
In the frozen treatment, late stage larvae in seawater were frozen for 0.5, 1, 2, or 14 d, after which the ice was thawed, and the larvae deposited in plastic 1 -L beakers with filtered sea-water and settlement plates, suspended ridged clay tiles. In the non-frozen treatments, larvae were introduced into the beakers at time 0 and settlement plates were Larvae settled and metamorphosed on the clay tiles, as expected, but they also settled on the bottom of the plastic beakers. At the end of the experiment, late stage larvae, settled larvae and metamorphs were quantified, where metamorphs are individuals that have lost their larval shells and have assumed a juvenile morphology (Anderson 1994) . To test whether the mean proportion of metamorphs (metamorphs over total number of initial larvae) differed between the treatments, a two-way ANOVA was performed with two-factors: freezing (frozen and non-frozen) and time (Exp. 1: 0, 0.5, 1 d; Exp. 2 and 3: 0, 0.5, 1, 2, 14 d). The design was unbalanced because there was no frozen 0 d combination. The dependent variable was proportion of metamorphs relative to total larvae per treatment. This included all metamorphs observed on settlement plates, bottom of the beakers, and loose in the water. The analysis was performed on each experiment separately using GLM with SYSTAT. There was high variability within and between experiments with mean percent metamorphosis for the frozen treatments ranging from 17 to 74 %, and 12 to 67% in the non-frozen treatments (Fig. 5) . Mean percent metamorphosis was not significantly different between the frozen treatments in any experiment (p = 0.48, 0.92, and 0.61 for freezing treatment effects in experiments 1, 2 and 3, and p = 0.97, 0.82, and 0.91 for time effects in experiments 1, 2 and 3). Thus, freezing does not appear to affect the final proportion of larvae that metamorphose.
Results did not change by excluding the loose metamorphs from the analysis.
Metamorphosis in naturally frozen larvae collected in the field was also observed.
On 19 Feb 2004, 255 larvae were collected in intertidal ice in Buzzards Bay, Massachusetts. In the laboratory, the cyprids were thawed, the larvae kept at ambient Survival and growth to reproduction. To test whether metamorphs in the metamorphosis experiments survive and grow to reproduce, metamorphs in the frozen and non-frozen treatments were transplanted to the field. Transplanted individuals were on bottoms (9 cm diameter) that were cut away from the beakers and kept in running seawater at ambient temperature. On 1 and 15 April and 8 May (Experiments I, II and III) the beaker bottoms were fixed to rectangular wooden boards, one board per experiment, and transplanted to the intertidal of a coastal lagoon (Eel Pond, Woods Hole, Massachusetts). Initial number of metamorphs ranged from 6 to 580 per beaker bottom in frozen treatments and 6 to 700 in non-frozen treatments. Beaker bottoms were arranged in a randomized blocked design where the blocking factor was intertidal height with three levels. Approximately every 6 weeks beaker bottoms were photographed to follow individuals at which time invertebrates that had settled on the plates were removed. After 7.4 to 8.6 months under ambient conditions, survivorship, final size and reproductive stage were assessed for transplanted barnacles in the three experiments. Three beaker bottoms that had n < 5 individuals at the start of the deployment were not analyzed. No results are presented for experiment 3, frozen treatment 2 d because (1) one replicate started with less than 5 individuals, (2) another replicate had one individual at the end of the experiment and therefore could not reproduce, and (3) the remaining replicate had no survivors (see Fig. 6 ). Survival was assessed from following individuals in time series photographs. Size was estimated as maximum opercular diameter. Individuals were classified into two reproductive stages, those that had embryos (nauplii) with well formed Results were variable within and between experiments. Survival was 8 to 62% in frozen treatments, and 20 to 73% in non-frozen treatments. Individual mean size was 3.2 to 4.5 mm for barnacles kept in ice and 3.3 to 4.6 mm for non-frozen barnacles. Finally, 25 to 79% of individuals from larvae kept in ice had well developed embryos, while the range was 26 to 86% for non-frozen treatments (Fig. 6) . Survival, size and reproductive stage of individuals transplanted to the field were analyzed separately in each experiment.
An unbalanced randomized blocks design was performed with (1) freezing treatment (frozen and non-frozen) and (2) time treatment (Exp. 1: 0, 0.5, 1 d; Exp. 2 and 3: 0, 0.5, 1, 2, 14 d) as the two factors, and row (intertidal height) as the blocking factor. All times had a frozen and non-frozen treatment except at time 0 which had no frozen treatment; this accounts for the unbalanced design. Analyses were performed using GLM with SYSTAT. Experiment 3 had low densities, so the proportion of barnacles with developed embryos may have been a conservative estimate of reproductive potential because Semibalanus balanoides are obligate cross fertilizers and some barnacles on some plates were isolated. There was no significant time effect or freezing treatment effect on survival, size and reproductive stage, except for experiment 3, where non-frozen metamorphs had higher survival (p < 0.05) and larger opercular diameters (p < 0.05) than frozen treatments. Row effect (intertidal height) was significant for survival (experiments 1 and 3, p < 0.001 and p < 0.01) and reproductive stage (experiment 1, p < 0.001). removed from the beakers. Because these larvae had metamorphosed into cyprids sometime during the previous 24 h, the date of metamorphosis and cyprid age was known. Cyprids were kept at 4° C for 1 to 3 d before starting the experiments. Cyprids were pipetted into 6 equal portions and the portions were assigned randomly to two different experimental treatments, non-frozen and frozen, with 3 replicates each. Number of larvae per replicate per experiment ranged from 56 to 390 individuals.
Non-frozen and frozen treatments started on the same day in each of six dates, and lasted 91 d in all cases except in experiment 6 were all larvae died before 89 d. (1) In the non-frozen treatments larvae were deposited in three 800 ml beakers filled with 500 ml of filtered seawater on day 1. (2) In the frozen treatments cyprids were deposited in three 50 ml plastic containers with 25 ml of filtered seawater, and on day 1 containers were frozen for 1.5 h at -20° C and then transferred to a -8 °C freezer. On day 14 the frozen containers were placed into a seawater table with ambient temperature seawater.
After 2 to 4 h the ice had thawed, and the water and cyprids were poured into an 800 ml beaker filled with 500 ml of filtered seawater. All beakers were placed in a water bath at ambient seawater temperature and covered loosely with Parafilm. Water table temperature in the experimental period increased from 1 °C on 19 February to 17 °C on 11 June. Every other day the content in each beaker was decanted off into a new beaker.
Old beakers were examined for attached metamorphs and attached cyprids. Cyprids that were attached to the beaker were left in the beaker with filtered seawater, placed into a 4°C incubator, and checked every other day to determine day of metamorphosis.
Metamorphosis was usually observed within 4 d, but in two cases cyprids failed to metamorphose. For attached metamorphs and attached cyprids the day of metamorphosis was noted. The beakers also contained loose metamorphs, partial metamorphs (see below) and dead larvae, which were removed from the experiment. All analyses and statistics are based on attached metamorphs. Loose metamorphs are not included in this analysis because the lack of preferred substrate for settlement and the very long experimental period (91 d) might have resulted in spontaneous metamorphosis (e.g. Crisp 1974; Pechenik 1980; Zimmerman and Pechenik 1991; Gebauer et al. 1998) . Because the container had smooth surfaces, it is likely that some loose metamorphs become detached after settling.
More cyprids metamorphosed in the frozen treatments than in the non-frozen treatments (Fig. 7) . The differences were significant (paired samples t -test on proportions, p = 0.014) and analysis including the loose metamorphs did not change the results. The proportions of attached metamorphs ranged from 0 to 4.9% in the non-frozen treatments and from 3.2 to 21.6% in the frozen treatments. Including the loose metamorphs the proportions ranged from 0 to 6.7% in the non-frozen treatments and 6.4 to 26.3% in the frozen treatments. Time to metamorphosis, the interval between the start of the experiment and observed metamorphosis, was higher in the frozen than in the nonfrozen treatments (Fig. 8) 
Discussion
We have shown that Semibalanus balanoides late stage larvae held in sea ice can survive for extended periods of time and subsequently settle, metamorphose, and grow to reproduce. We are not aware of any other marine larvae that can tolerate frozen environmental conditions and retain the ability to metamorphose, grow, and develop reproductively, but perhaps larvae of other near-shore species that experience freezing might also be tolerant. Late stage larvae of another local barnacle species (Balanus sp.) held in ice yielded no survivors. Our results expand considerably the environmental repertoire of marine invertebrate larvae (Pechenick 1987). We do not know whether Cyprids of known age kept in ice for 2 weeks metamorphosed later than those in the non-frozen treatments. The delayed time to metamorphosis must be, in part, the result of the freezing process which prevented settlement for two weeks. Removing this period of time from the statistical analysis not only removed the differences, but changed the sign of the differences, with frozen larvae metamorphosing earlier than non-frozen (1979) experiments were conducted at 10°C, which is generally warmer than in our experiments, where 10°C was reached in late April. Higher temperature increases metabolic rates which might yield shorter time to metamorphosis. Our results from the non-frozen treatment with attached metamorphs fall within Lucas' et al. range, but keeping the larvae in ice extends this period. Freezing presumably reduces larval metabolism, and this would account for the higher maximum time to metamorphosis in frozen larvae than in non-frozen larvae.
We found loose metamorphs well beyond the 21-28 d range. It is not clear whether loose metamorphs become detached after settlement or whether they metamorphosed spontaneously. Most loose metamorphs were found at the same date as the attached ones, suggesting that at least some detached from the smooth experimental surfaces. Conversely, the appearance of partial metamorphs enclosed in a cyprid shell at the end of the experiment suggests spontaneous metamorphosis. Freezing conditions were adverse to larvae, as survival and size were reduced for barnacles in frozen treatments relative to non-frozen ones, though the differences were not consistent for all experiments. Reduced survival and size in experiment 3 suggest that late freezes might be more deleterious to larvae than early freezes, but more experiments are needed to test this idea. Zooplankton in high latitude environments might be able to avoid freezing conditions because as sea-ice forms at the surface, individuals might escape to ice-free depths. Semibalanus balanoides, a boreal circumpolar sessile species, must settle on intertidal habitats where ice formation occurs. Hence, freezing conditions are inevitable for intertidal adults, and sometimes for larvae found near their settlement sites. This is true in the Massachusetts and Rhode Island shores, where peak settlement in late February roughly coincides with annually coldest water and air temperatures. 
